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VARIANT TLR4 NUCLEIC ACID AND USES THEREOF 

5 Statement of Government Rig hts 

This invention was made at least in part with a grant from the Government of 
the United States of America (grants ES06537, ES07498 and ES05605 from the 
National Institute of Environmental Sciences, grant HL62628 from the National 
Heart and Lung Listitute, and grant RR00059 from the General Clinical Research 
10 Centers Program). The Government may have certain rights in the invention. 

Related Applications 
This application is a continuation under 35 USC 1 1 1(a) of Intemational 
Application Serial No. PCT/USOO/15723 filed on June 8, 2000 and published in 
1 5 English on December 2 1 , 2000 as WO 00/77204 Al , which is a continuation-in-part 
of U.S. Application Serial No. 09/329,515, filed June 10, 1999; which applications 
are incorporated herein by reference. 

Background of the Invention 

20 Endotoxin or hpopolysaccharide (LPS), released firom the cell wall of 

bacteria, plays a central role in a broad spectrum of human disease. The pathogenic 
importance of LPS in gram-negative sepsis is well established. Intravenous LPS 
induces all of the clinical features of gram-negative sepsis, including fever, shock, 
leukopenia followed by leukocytosis, and disseminated intravascular coagulation 

25 (Favorite et al,, 1 942). Higher concentrations of circulating levels of endotoxin have 
been associated with manifestations of systemic inflammatory response syndrome 
(Wang et al., 1995) and the development of acute respiratory distress syndrome 
following sepsis (Brigham et al., 1986). Inhaled endotoxin can induce airflow 
obstruction in naive or previously imexposed subjects (Michel et al., 1992) and is the 

30 most important occupational exposxire associated with the development Schwartz et 
al., 1995a), and progression (Schwartz et al., 1995b), of airway disease among 
exposed workers. The concentration of endotoxin in the domestic setting appears to 
be associated with the clinical severity of asthma (Michel et al, 1996). Moreover, 
recent studies have shown that endotoxin is a contaminant of particulate matter in air 

35 pollution and may play a role in the pathophysiologic consequences of air pollution 



(Bonner et al,, 1998). Thus, endotoxin is an important cause of morbidity and 
mortality. 

The ability of the host to respond to endotoxin may play an important role in 
determining the severity of the physiologic and biologic response to this frequently 
encountered toxin. In mice, genetic differences in susceptibility to LPS have been 
established. LPS hyporesponsiveness arose spontaneously and was fibrst identified in 
the C3H/HeJ strain. This strain had an LD50 for LPS at least 20 thnes that observed 
in A/HeJ mice (Sultzer et al., 1968). In addition to C3H/HeJ, two other mouse 
strains, C57BL/10ScCR (Coutinho et al., 1978) and its progenitor strain, 
C57BL/10ScN, (Vogel et al.,1979), are hyporesponsive to LPS. 

Moreover, several reports suggest that humans may also respond differently 
to LPS. A patient with recurrent bacterial infections has been reported to be 
refractory to the in vivo and in vitro effects of LPS (Kuhns et al., 1997). Following 
challenge with intravenous LPS, this patient had no systemic increase in IL-6 or G- 
CSF and had a minimal rise in the concentration of leukocytes, TNF-a, and IL-8. 
Inter-individual differences have also been reported in the release and synthesis of 
cytokines by monocj^es stimulated with LPS in vitro (Santamaria et al., 1989). 

LPS is thought to cause much of its morbidity and mortahty by activating 
kinases (DeFranco et al, 1998) that control the ftmction of transcription factors 
(nuclear factor-KB and AP-1) and ultimately lead to production of pro-inflammatory 
cytokines and co-stimulatory molecules (Wright, 1999). Several lines of evidence 
suggest that the toll receptor (TLR) family, and specifically TLR4 and TLR2 regulate 
the interaction between LPS and intracellular kinases and may serve as a proximal 
target to interrupt LPS signalmg (Wright, 1998; Medzhitov et al., 1997). Both TLR4 
and TLR2 activate signaling through NF-kB and AP-1 in transfected human cell lines 
(Medzhitov et al., 1997; Yang et al., 1998), and TLR4 mediates LPS induced signal 
transduction (Chow et al., 1999). CD 14, a glycosylphosphatidyl inositol-lmked 
receptor that binds LPS (Poltorak et al, 1998a) enhances LPS induced TLR2 (Yanget 
aL, 1998) and TLR4 (Chow et al., 1998) signaling, suggesting that the toll receptors 
interact with CD14 to initiate the cellular response to LPS. Studies in mice indicate 
that 1) the TLR4 gene maps to the critical region in LPS hyporesponsive mice 
(Poltorak et al., 1998), 2) mutations in the TLR4 gene (Poltorak et aL, 1998; Qureshi 
et al., 1999) are found in mouse strains (C3H/HeJ and C57BL10/ScCr) that are 



defective in their response to LPS, and 3) disruption of the TLR4 gene results in a 
LPS hyporesponsive phenotype (Hoshino et aL, 1999). 

Thus, there is need to determine whether the human TLR4 gene is 
polymorphic, and whether any particular polymorphism is associated with disease, 
5 e.g., LPS hyporesponsiveness. 

■ 

Summary of the Invention 

The invention provides a method to identify a mammal, e.g., a human, at risk 
of, or having, an indication associated with altered innate immunity, e.g., to bacterial 

10 infection. The method comprises contacting an amount of DNA obtained from a 
human physiological sample with an amount of at least one TLR4-specific 
oligonucleotide under conditions effective to amplify the DNA so as to yield 
amplified DNA. Then it is determined whether the amplified DNA comprises a 
nucleotide substitution, e.g., one that results in an amino acid substitution, i.e., the 

1 5 TLR4 DNA of the hmnan encodes a variant TLR4. Thus, the invention is usefiil to 
detect polymorphisms in the TLR4 gene. 

Normal healthy, non-asthmatic subjects demonstrate a reproducible airway 
response to an incremental LPS inhalation challenge test, with some subjects 
developing airflow obstruction when challenged with low concentrations of LPS and 

20 others virtually unaffected by high concentrations of inhaled LPS. These findings 
suggest that the spectrum of LPS responsiveness in humans is quite variable from 
one individual to the next (but reproducible within an individual), and that a 
substantial portion of the population may be hyporesponsive to inhaled LPS. As 
described hereinbelow, an incremental LPS inhalation challenge test was employed 

25 to reUably phenotype individuals as either responsive (at least a 20 % decline in the 
forced expiratory volume in one second (FEVj) after inhaling up to 41.5 |xg LPS) or 
hyporesponsive (FEVi > 80 % of their baseline after mhaling 41.5 |Jig of LPS) to 
inhaled LPS. Fifty-two (63 %) of these individuals were responsive to inhaled LPS 
and 3 1 (37 %) were hyporesponsive to inhaled LPS. 

30 These results were employed to determine the relationship between 

polymorphisms in the TLR4 gene and the airway response to inhaled LPS in the 83 
normal healthy, non-asthmatic subjects. Using single stranded conformational 
variant (SSCV) analysis and direct sequencing, a missense mutation (A896G) was 
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identified in the fourth exon of the TLR4 gene that results in replacement of a 
conserved aspartic acid residue with glycine at position 299 in the extracellular 
domain of the TLR4 receptor. The Asp299Gly sequence variant occurred in 3 LPS 
responsive (5.8 %) and 7 LPS hyporesponsive (22.6 %) study subjects (p=0.03). 
Among the subjects with the common TLR4 allele (N=73), the dose-response slope 
(percent decline FEV/cumulative dose of inhaled LPS) averaged a L86 % decline in 
FEVi/[ig inhaled LPS (range 0.01 %-19.78 %), while the dose-response slope for the 
subjects with the Asp299Gly allele (N=10) was significantly less (p=0.007), 
averaging 0.59 % decline in FEVi/iig inhaled LPS (range 0.00 %-L59 %). Thus, a 
sequence polymorphism in the TLR4 gene, i.e., a missense mutation (Asp299Gly) in 
the fourth exon of the TLR4 gene, occurs in a substantial portion of the population, 
and is associated with an airway hyporesponsive in humans challenged with inhaled 
LPS. The allehc frequency of the A896G substitution was 6.6 % in the study 
population, 7.9 % in a nomial control population from Iowa (Lidral et al., 1998), and 
3.3 % in the parental chromosomes of the CEPH population (NIH-CEPH, 1992). As 
also described herein, the presence of a TLR4 mutation was associated with gram 
negative sepsis, severity of sepsis, pre-term delivery, and respiratory distress 
syndrome in pre-term infants. 

The invention also provides an isolated and purified nucleic acid molecule 
comprising a nucleic acid segment, e.g., genomic DNA or cDNA, encoding TLR4, 
such as a variant TLR4. Also provided are primers, oligonucleotides and probes 
comprising the isolated nucleic acid sequences of the invention. The nucleic acid 
molecules of the invention may be single stranded or double stranded. 

Transfection of CHO cells with either the wild-type or the mutant 
(Asp299Gly) allele of the TLR4 gene demonstrated that this mutation interrupts 
TLR4-mediated LPS signaling. Moreover, the wild-type allele of TLR4 rescues the 
LPS hyporesponsive phenotype in either airway epithelial cells or alveolar 
macrophages obtained from individuals with the TLR4 mutation. Thus, these results 
provide the first genetic evidence that a conamon mutation causes differences in LPS 
responsiveness that may contribute to several disease states in hmnans. 

Therefore, the invention further provides an expression cassette comprising a 
nucleic acid molecxile of the invention, a host cell transformed with the expression 
cassette, and TLR4 polypeptides isolated therefrom. The transformed host cells, or 
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isolated TLR4 polypeptides, may be useful in identifying agents that modulate, i.e., 
enhance or inhibit, TLR4 activity. For example, an expression cassette comprising a 
nucleic acid molecule of the invention which encodes a variant TLR4 polypeptide is 
introduced to murine cells, e.g., oocytes via microinjection (see Sigmund et al., 
1993). The resulting pups are screened for the presence of the nucleic acid molecule. 
Hence, the invention also provides a transgenic mouse, the genome of the cells of 
which is augmented with variant human TLR4 DNA. Human TLR4 transgenic mice 
of the invention have altered innate immunity, e.g., they are more susceptible to gram 
negative sepsis than their nontransgenic counterparts. 

The invention also provides a method to treat an individual at risk of, or 
having, an indication associated with altered innate immunity, in which an agent that 
alters TLR4 activity is administered to the individual. 

Brief Descriptioii of the Figures 

Figure L Genomic structure for the human TLR4 gene (exons are 
represented by boxes and introns are represented by lines). The coding sequence is in 
black and the nucleotides encoding the transmembrane domain (TM) are shaded. 
The positions of the introns in the published TLR4 cDNA sequence (Rock et al., 
1998; Genbank Accession No. U88880) are listed. The exon (caps) and intron (lower 
case) sequences at each of the splice jimctions is shown (sequences at 5' and 3' splice 
junctions for intron 1, SEQ ID NO:l and SEQ ID NO:63, respectively; for intron 2, 
SEQ ID NO:2 and SEQ ID NO:64, respectively; and for intron 3, SEQ ID NO:3 and 
SEQ ID NO:65, respectively). 

Figure 2. The human TLR4 gene is altematively spUced. Photographs are of 
agarose gels containing the products amplified from a multi-tissue cDNA panel from 
human adult (panel a; Clontech #K1420-1, Palo Alto, CA), and human fetal (panel b; 
Clontech #K1425-1, Palo Alto, CA) cDNA. The tissues mcluded brain (B), heart 
(H), kidney (K), hver (Li), lung (Lu), pancreas (Pa), placenta (PI), skeletal muscle 
(Sk), spleen (Sp), and thymus (T). The first lane of each gel included a 100 bp 
molecular weight standard (MW). The forward and reverse PGR primers were 
derived from exons 1 and 4, respectively (see panel c) and ampUfied three products 
of 453, 333, and 167 bp. The DNA sequence for these bands showed that both exons 
2 and 3 were present in the 453 bp band, that exon 2 was absent in the 333 bp 
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product, and that both exons 2 and 3 were absent in the 167 bp band. The 453 bp and 
333 bp sequences are identical to previously pubhshed sequences for the human TLR 
cDNA (Medzhitov et al., 1997; Rock et aL, 1998). The open, closed, and shaded 
boxes indicate the imtranslated, translated, and transmembrane domain portions of 
5 the TLR4 exons, respectively. The ends of the cDNAs were arbitrarily terminated at 
the stop codon (STP). 

Figures. Mutations in the human TLR4 gene. The SSCV and sequence 
analysis were performed blinded to the LPS response phenotype of tiie study 
subjects. The SSCV gel in panel a contains the products amplified firom two samples 

10 that are homo2ygous for the 1060A allele (lanes 1 and 3), a heterozygous sample 
(lane 2) with both the 896A and 896G alleles, and a homozygous sample (lane 4) 
with only the 896G allele. The SSCV gel in panel b contains the products amplified 
from a sample that is homozygous for the T allele at position -11 and the T allele at 
position 315 (lane 1), and from a sample that is heterozygous with a T and a deletion 

15 at position -11 and a T and a C allele at position 315. The nucleotide numbers are 
based on the previously published TLR4 cDNA sequence (Rock et al., 1998). 

Figure 4. The aspartic acid residue at position 299 is conserved. A portion of 
the predicted amino acid sequence is aligned for the TLR4 genes from human (Rock 
et al., 1998; SEQ ID NO:4), mouse (Poitorak et al., 1998; SEQ ID NO:5), rat 

20 (Genbank Accession No. AF057025; SEQ ID NO:6), and hamster (D. Golenbock, 
SEQ ID NO:7). The position of the first amino acid in each sequence is given. The 
aspartic acid at position 299 is indicated with an arrow. Conserved amino acids are 
shaded. 

Figure 5. Frequency distribution histogram of the dose-response slope 
25 (% decline in FEVj/jig LPS). The % decline m FEVj/jig LPS was calculated 

following administration of the cumulative LPS dose that either resulted in at least a 
20 % decline in FEVj or the decline in FEV^ following a cumulative inhaled dose of 
41.5 [ig LPS. Subjects above the x-axis (solid bars) are homozygous for the 896A 
allele (WT/WT); subjects below the x-axis (open bars) are either heterozygous or 
30 homozygous (*) for the missense Asp299Gly allele. The data is replotted in the inset 
after the values on the x-axis were log normalized. P values are presented for the 
comparison of the % decline in FEVi/|ig LPS between subjects with the WTAVT 
genotype (N=73) and those with at least one Asp299Gly allele (N=10) using absolute 
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values (P=0,037) and log normalized values (P=0.026). Since the distribution of the 
dose-response slope (% decline FEVi/cumulative dose of inhaled LPS) was highly 
skewed, the two-sample Monte-Carlo permutation test based on 10,000 permutations 
was used to calculate P values (Fisher et aL, 1993) the missense mutation (N=10) 
5 using absolute values (p=0.04) and the log normalized values (p=0.04) and the log 
normalized values (p==0.025). 

Figure 6, A) CHO/CD-14 cells that express fee CD-14 receptor (generous gift 
of Doug Golenbock) were transfected with a wild-type or mutant TLR4 allele, and 
then exposed to LPS. Cells were co-transfected with a luciferase reporter construct. 
10 B) IL-la levels from airway epithelial cells of individuals which had been genotyped 
forTLR4. Il-la levels before and after LPS exposure are shown. C) IL-la levels 
from airway epithelial cells from a TLR4 heterozygote (WT/Asp299Gly). The cells 

0 were transduced with a recombinant adenovirus which expresses TLR4 (Rock et al., 

1998), or a recombinant adenovirus which expresses green fluorescent protein (GFP), 

^ 15 and then exposed to LPS. D) TNF-a levels from alveolar inacrophage from a TLR4 

01 homozygote (Asp299Gly/Asp299Gly). The cells were transduced with a 

;=i recombinant adenovirus which expresses TLR4 (Rock et al., 1998), and then exposed 

!^ to LPS. 

Figure 7. Codons. 
20 Figure 8. Exemplary amino acid substitutions. 

Figure 9. A) A partial nucleotide sequence of genomic human TLR4 DNA 
(SEQ ID NO:62). B) The 5' UTR, exon 1 (nt 1100-1283), and a partial sequence of 
intron 1 (Genbank Accession No. AF172169; SEQ ID NO:70). C) Exon 2 (nt 192- 
311), exon 3 (nt 556-722), and intron 2 (244 bp) (Genbank Accession No. 
25 AF172170; SEQ ID N0:71). D) Exon 4 (nt 1691-6172) and the 3' UTR (Genbank 
Accession No. AF172171; SEQ ID NO:72). 

Detailed Description of the Invention 

As used herein, the terms "isolated and/or purified" refer to in vitro 
30 preparation, isolation and/or purification of a nucleic acid molecule or polypeptide, 
so that it is not associated with in vivo substances. Thus, with respect to an "isolated 
nucleic acid molecule", which includes a polynucleotide of genomic, cDNA, or 
synthetic origin or some combination thereof, the "isolated nucleic acid molecule" 
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(1) is not associated with all or a portion of a polynucleotide in which the "isolated 
nucleic acid molecule" is found in nature, (2) is operably linked to a polynucleotide 
which it is not linked to in nature, or (3) does not occur in nature as part of a larger 
sequence. An isolated nucleic acid molecule means a polymeric form of nucleotides 
5 of at least 10 bases in length, either ribonucleotides or deoxynucleotides or a 
modified form of either type of nucleotide. The term mcludes single and double 
stranded forms of DNA. The term "oUgonucleotide" referred to herein includes 
naturally occurring, and modified nucleotides linked together by naturally occurring, 
and non-naturally occurring oUgonucleotide linkages. OUgonucIeotides are a 

10 polynucleotide subset with 200 bases or fewer in length. Preferably, oligonucleotides 
are 10 to 60 bases in length and most preferably 12, 13, 14, 15, 16, 17, 18, 19, or 20 
to 40 bases in length. Ohgonucleotides are usually single stranded, e.g., for primers 
or probes; although oligonucleotides may be double stranded, e.g., for use in the 
construction of a variant. Oligonucleotides of the invention can be either sense or 

15 antisense ohgonucleotides. The term "naturally occurring nucleotides" referred to 
herein includes deoxyribonucleotides and ribonucleotides. The term "modified 
nucleotides" referred to herein includes nucleotides with modified or substituted 
sugar groups and the like. The term "oligonucleotide linkages" referred to herein 
includes oligonucleotides linkages such as phosphorothioate, phosphorodithioate, 

20 phophoroselenoate, phosphorodiselenoate, phosphoroanilothioate, phosphoraniladate, 
phosphoroamidate, and the like. An oUgonucleotide can include a label for detection, 
if desired. 

The term "isolated polypeptide" means a polypeptide encoded by genomic 
DNA, cDNA or recombinant RNA, or is synthetic origin, or some combination 

25 thereof, which isolated polypeptide (1) is not associated with proteins found in 

nature, (2) is free of other proteins from the same source, e.g., free of human proteins, 
(3) is expressed by a cell from a different species, or (4) does not occur in nature. 

The term "sequence homology" means the proportion of base matches 
between two nucleic acid sequences or the proportion amino acid matches between 

30 two amino acid sequences. When sequence homology is expressed as a percentage, 
e.g., 50 %, the percentage denotes the proportion of matches over the length of 
sequence from one TLR4 allele that is compared to another TLR4 allele. Gaps (in 
either of the two sequences) are permitted to maximize matching; gap lengths of 
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15 bases or less are usually used, 6 bases or less are preferred with 2 bases or less 
more preferred. When using oligonucleotides as probes or treatments, the sequence 
homology between the target nucleic acid and the oligonucleotide sequence is 
generally not less than 17 target base matches out of 20 possible oligonucleotide base 
pair matches (85 %); preferably not less than 9 matches out of 10 possible base pair 
matches (90 %), and more preferably not less than 19 matches out of 20 possible base 
pair matches (95 %). 

The term "selectively hybridize" means to detectably and specifically bind. 
Polynucleotides, oligonucleotides and fragments of the invention selectively 
hybridize to nucleic acid strands under hybridization and wash conditions that 
minimize appreciable amounts of detectable binding to nonspecific nucleic acids. 

High stringency conditions can be used to achieve selective hybridization conditions 
as known in the art and discussed herein. Generally, the nucleic acid sequence 
homology between the polynucleotides, oligonucleotides, and firagments of the 
invention and a nucleic acid sequence of interest is at least 65 %, and more typically 
with preferably mcreasing homologies of at least about 70 %, about 90 %, about 
95 %, about 98 %, and 100 %. 

Two amino acid sequences are homologous if there is a partial or complete 
identity between their sequences. For example, 85 % homology means that 85 % of 
the amijtio acids are identical when the two sequences are aligned for maximum 
matching. Gaps (in either of the two sequences being matched) are allowed in 
maximizing matching; gap lengths of 5 or less are preferred with 2 or less being more 
preferred. Alternatively and preferably, two protein sequences (or polypeptide 
sequences derived firom them of at least 30 amino acids in length) are homologous, as 
this term is used herein, if they have an alignment score of at more than 5 (in 
standard deviation xmits) using the program ALIGN with the mutation data matrix 
and a gap penalty of 6 or greater. See Dayhoff, M. O., in Atlas of Protein Sequence 
and Structure, 1972, volume 5, National Biomedical Research Foundation, 
pp. 101-1 10, and Supplement 2 to this volume, pp. 1-10. The two sequences or parts 
thereof are more preferably homologous if their amino acids are greater than or equal 
to 50 % identical when optimally aligned using the ALIGN program. 

The term "corresponds to" is used herein to mean that a polynucleotide 
sequence is homologous (i.e., is identical, not strictly evolutionarily related) to all or 
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a portion of a reference polynucleotide sequence, or that a polypeptide sequence is 
identical to a reference polypeptide sequence. In contradistinction, the term 
"complementary to" is used herein to mean that the complementary sequence is 
homologous to all or a portion of a reference polynucleotide sequence. For 
5 illustration, the nucleotide sequence 'TATAC" corresponds to a reference sequence 
"TATAC" and is complementary to a reference sequence "GTATA". 

The following terms are used to describe the sequence relationships between 
two or more polynucleotides: **reference sequence", "comparison window", 
"sequence identity", "percentage of sequence identity", and "substantial identity". A 
10 "reference sequence" is a defined sequence used as a basis for a sequence 

comparison; a reference sequence may be a subset of a larger sequence, for example, 
as a segment of a full-length cDNA or gene sequence given in a sequence listing, or 
O may comprise a complete cDNA or gene sequence. Generally, a reference sequence 

Q is at least 20 nucleotides in length, frequently at least 25 nucleotides in length, and 

iS 15 often at least 50 nucleotides in length. Since two polynucleotides may each (1) 

IP comprise a sequence (i.e., a portion of the complete polynucleotide sequence) that is 

1^ similar between the two polynucleotides, and (2) may further comprise a sequence 

Jjf that is divergent between the two polynucleotides, sequence comparisons between 

H two (or more) polynucleotides are typically performed by comparing sequences of 

20 the two polynucleotides over a "comparison window" to identify and compare local 

regions of sequence similarity. 

A "comparison window", as used herein, refers to a conceptual segment of at 
least 20 contiguous nucleotides and wherein the portion of the polynucleotide 
sequence in the comparison window may comprise additions or deletions (i.e., gaps) 

25 of 20 percent or less as compared to the reference sequence (which does not comprise 
additions or deletions) for optimal alignment of the two sequences. Optimal 
alignment of sequences for ahgning a comparison window may be conducted by the 
local homology algorithm of Smith and Waterman (1981) Adv. Appl. Math. 2: 482, 
by the homology alignment algorithm of Needleman and Wunsch (1970) J. Mol. 

30 Biol. 48: 443, by the search for similarity method of Pearson and Lipman (1988) 
Proc. Natl. Acad. Sci, (U.S.A.) 85 : 2444, by computerized implementations of these 
algorithms (GAP, BESTFIT, FASTA, and TFASTA in the Wisconsin Genetics 
Software Package Release 7,0, Genetics Computer Group, 575 Science Dr., Madison, 
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Wis.), or by inspection, and the best alignment (i.e., resulting in the highest 
percentage of homology over the comparison window) generated by the various 
methods is selected. 

The term "sequence identity" means that two polynucleotide sequences are 
identical (i.e., on a nucleotide-by-nucleotide basis) over the window of comparison. 
The term "percentage of sequence identity" means that two polynucleotide sequences 
are identical (i.e., on a nucleotide-by-nucleotide basis) over the window of 
comparison. The term "percentage of sequence identity" is calculated by comparing 
two optimally aligned sequences over the window of comparison, determining the 
number of positions at which the identical nucleic acid base (e.g.. A, T, C, G, U, or I) 
occurs in both sequences to yield the number of matched positions, dividing the 
number of matched positions by the total number of positions in the window of 
comparison (i.e., the window size), and multiplying the result by 100 to yield the 
percentage of sequence identity. The terms "substantial identity" as used herein 
denote a characteristic of a polynucleotide sequence, wherein the polynucleotide 
comprises a sequence that has at least 85 percent sequence identity, preferably at 
least 90 to 95 percent sequence identity, more usually at least 99 percent sequence 
identity as compared to a reference sequence over a comparison window of at least 
20 nucleotide positions, frequently over a window of at least 20-50 nucleotides, 
wherein the percentage of sequence identity is calculated by comparing the reference 
sequence to the polynucleotide sequence which may include deletions or additions 
which total 20 percent or less of the reference sequence over the window of 
comparison. 

As applied to polypeptides, the term "substantial identity" means that two 
peptide sequences, when optimally aligned, such as by the programs GAP or 
BESTFIT using default gap weights, share at least about 80 percent sequence 
identity, preferably at least about 90 percent sequence identity, more preferably at 
least about 95 percent sequence identity, and most preferably at least about 99 
percent sequence identity. 

As used herein, "substantially pure" means an object species is the 
predominant species present (i.e., on a molar basis it is more abundant than any other 
individual species in the composition), and preferably a substantially purified fraction 
is a composition wherein the object species comprises at least about 50 percent (on a 
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molar basis) of all macromolecular species present. Generally, a substantially pure 
composition will comprise more than about 80 percent of all macromolecular species 
present in the composition, more preferably more than about 85 %, about 90 %, 
about 95 %, and about 99 %. Most preferably, the object species is purified to 
5 essential homogeneity (contaminant species cannot be detected in the composition by 
conventional detection methods) wherein the composition consists essentially of a 
single macromolecular species. 

An isolated "variant" TLR4 polypeptide has at least 50 %, preferably at least 
about 80 %, and more preferably at least about 90 %, but less than 100 %, contiguous 
1 0 amino acid sequence homology or identity to the amino acid sequence of a reference 
(wild-type) TLR4 polypeptide. Preferably, the TLR4 polypeptides of the invention 
are biologically active. Biologically active polypeptides include those that induce an 
irmnune response when administered to an organism, are bound by antibodies 
specific for TLR4, activate signaling through NF-ICB and AP-1, interact with CD 14, 
15 or induce cytokine release following LPS stimulation. While it is preferred that a 
variant TLR4 has at least about 0. 1%, preferably at least about 1%, and more 
preferably at least about 10%, of the activity of wild-type TLR4, the invention 
includes variant TLR4 polypeptides having no detectable biological activity. 
Likewise, a ^Variant" TLR4 nucleic acid molecule has at least about 80%, preferably 
20 at least about 90% and more preferably at least about 95%, but less than 100% 

contiguous nucleic acid sequence homology or identity to the nucleic acid sequence 
of a wild-type TLR4 gene. 

As used herein, an "indication or condition associated with aberrant, modified 
or altered innate inmiimity" includes, but is not limited to, hyporesponsiveness to 
25 LPS, susceptibility to infection with gram-negative bacteria, susceptibility to sepsis 
by gram-negative bacteria, susceptibility to chronic airway disease, susceptibihty to 
asthma, susceptibility to arthritis, susceptibility to pyelonephritis, susceptibility to 
gall bladder disease, susceptibility to pneumonia, susceptibility to bronchitis, 
susceptibility to chronic obstructive pulmonary disease, severity of cystic fibrosis, 
30 and susceptibility to local and systemic inflammatory conditions, e.g., systemic 

inflammatory response syndrome (SIRS), local gram negative bacterial infection, or 
acute respiratory distress s3mdrome (ARDS). 
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A. Nucleic Acid Molecules of the Invention 

L Sources of the Nucleic Acid Molecules of the Invention 

Sources of nucleotide sequences from which the present nucleic acid 
molecules encoding TLR4, a portion (fragment) thereof, a variant thereof or the 
nucleic acid complement thereof, include total or polyA^ RNA from any mammalian, 
preferably human, cellular source from which cDNAs can be derived by methods 
known in the art. Other sources of the DNA molecules of the invention include 
genomic libraries derived from any mammalian cellular source. Moreover, the 
present DNA molecules may be prepared in vitro, e.g., by synthesizing an 
oligonucleotide of about 100, preferably about 75, more preferably about 50, and 
even more preferably about 40, nucleotides in length, or by subcloning a portion of a 
DNA segment that encodes a particular TLR4, 
2. Isolation of a Gene Encoding TLR4 

A nucleic acid molecule encoding TLR4 can be identified and isolated using 
standard methods, as described by Sambrook et aL, Molecular Cloning: A Laboratory 
Manual, Cold Spring Harbor, NY (1989). For example, reverse-transcriptase PCR 
(RT-PCR) can be employed to isolate and clone TLR4 cDNAs. Oligo-dT can be 
employed as a primer in a reverse transcriptase reaction to prepare first-strand 
cDNAs from isolated RNA which contains RNA sequences of interest, e.g., total 
RNA isolated from human tissue. RNA can be isolated by methods known to the art, 
e.g,, using TRIZOL™ reagent (GIBCO-BRL/Life Technologies, Gaithersburg, MD). 
Resultant first-strand cDNAs are then amphfied in PCR reactions. 

"Polymerase chain reaction" or "PCR" refers to a procedure or technique in 
which amoimts of a preselected firagment of nucleic acid, RNA and/or DNA, are 
amplified as described in U.S. Patent No. 4,683,195. Generally, sequence 
information from the ends of the region of interest or beyond is employed to design 
oligonucleotide primers comprising at least 7-8 nucleotides. These primers will be 
identical or similar in sequence to opposite strands of the template to be amplified. 
PCR can be used to amplify specific RNA sequences, specific DNA sequences from 
total genomic DNA, and cDNA transcribed from total cellular RNA, bacteriophage 
or plasmid sequences, and the like. See generally MuUis et aL, Cold Spring Harbor 
Svmp. Quant. BioL. 51, 263 (1987); Erlich, ed., PCR Technologv. (Stockton Press, 
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NY, 1989). Thus, PCR-based cloning approaches rely upon conserved sequences 
deduced from alignments of related gene or polypeptide sequences. 

Primers are made to correspond to highly conserved regions of polypeptides 
or nucleotide sequences which were identified and compared to generate the primers, 
5 e.g., by a sequence comparison of other mammalian TLR4. One primer is prepared 
which is predicted to anneal to the antisense strand, and another primer prepared 
which is predicted to anneal to the sense strand, of a DNA molecule which encodes 
TLR4, 

The products of each PGR reaction are separated via an agarose gel and all 
10 consistently amplified products are gel-purified and cloned directly into a suitable 
vector, such as a known plasmid vector. The resultant plasmids are subjected to 
restriction endonuclease and dideoxy sequencing of double-stranded plasmid DNAs. 

Another approach to identify, isolate and clone cDNAs which encode TLR4 
is to screen a cDNA or genomic library. Screening for DNA fragments that encode 
1 5 all or a portion of a DNA encoding TLR4 can be accompUshed by probing the library 
with a probe which has sequences that are highly conserved between genes believed 
to be related to TLR4, e.g., the homolog of a particular TLR4 from a different 
species, or by screening of plaques for binding to antibodies that specifically 
recognize TLR4. DNA fragments that bind to a probe having sequences which are 
20 related to TLR4, or which are itnmunoreactive with antibodies to TLR4, can be 
subcloned into a suitable vector and sequenced and/or used as probes to identify 
other cDNAs encoding all or a portion of TLR4. 

Thus, "isolated and/or purified TLR4" nucleic acid refers to in vitro isolation 
of a nucleic acid molecule from its natural cellular environment, and from association 
25 with other components of the cell, such as nucleic acid or polypeptide, so that it can 
be sequenced, replicated, and/or expressed. For example, "isolated TLR4 nucleic 
acid" is RNA or DNA containing greater than 9, preferably 36, and more preferably 
45 or more, sequential nucleotide bases that encode at least a portion of TLR4, a 
variant thereof, RNA or DNA complementary thereto, or which hybridizes to, RNA 
30 or DNA comprising TLR4 sequences, and remains stably bound under stringent 
conditions, as defined by methods well known in the art, e.g., in Sambrook et al., 
supra. Thus, the RNA or DNA is "isolated" in that it is free from at least one 
contaminating nucleic acid with which it is normally associated in the natural source 
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of the RNA or DNA and is preferably substantially free of any other mammahan 
RNA or DNA. The phrase "free from at least one contaminating source nucleic acid 
with which it is normally associated" includes the case where the nucleic acid is 
reintroduced into the source or natural cell but is in a different chromosomal location 
or is otherwise flanked by nucleic acid sequences not normally foimd in the source 
cell. 

As used herein, the term "recombinant nucleic acid", e.g., "recombinant DNA 
sequence or segment", refers to a nucleic acid, e.g., to DNA, that has been derived or 
isolated from any appropriate tissue source, that may be subsequently chemically 
altered in vitro^ so that its sequence is not naturally occurring, or corresponds to 
naturally occurring sequences that are not positioned as they would be positioned in a 
genome which has not been transformed with exogenous DNA, An example of 
DNA "derived" from a source, would be a DNA sequence that is identified as a 
useftd fragment within a given organism, and which is then chemically synthesized 
in essentially pure form. An example of such DNA "isolated" from a source would 
be a usefiil DNA sequence that is excised or removed from said source by chemical 
means, e.g., by the use of restriction endonucleases, so that it can be fijrther 
manipulated, e.g., amplified, for use in the invention, by the methodology of genetic 
engineering. 

Thus, recovery or isolation of a givm fragment of DNA from a restriction 
digest can employ separation of the digest on polyacrylamide or agarose gel by 
electrophoresis, identification of the fragment of interest by comparison of its 
mobility versus that of marker DNA fragments of known molecular weight, removal 
of the gel section containing the desired fragment, and separation of the gel from 
DNA. See Lawn et al.. Nucleic Acids Res., 9, 6103 (1981), and Goeddel et al.. 
Nucleic Acids Res. , 8, 4057 (1980). Therefore, "isolated DNA" includes completely 
synthetic DNA sequences, semi-synthetic DNA sequences, DNA sequences isolated 
from biological sources, and DNA sequences derived from RNA, as well as mixtures 
thereof. 

As used herein, the term "derived" with respect to a RNA molecule means 
that the RNA molecule has complementary sequence identity to a particular DNA 
molecule. 
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3. Variants of the Nucleic Acid Molecules of the Invention 

Nucleic acid molecules encoding amino acid sequence variants of TLR4 are 
prepared by a variety of methods known in the art. These methods include, but are 
not limited to, isolation from a natural source (in the case of naturally occurring 
5 amino acid sequence variants) or preparation by oligonucleotide-mediated (or site- 
directed) mutagenesis, PGR mutagenesis, and cassette mutagenesis of an earlier 
prepared variant or a non-variant version of TLR4 nucleic acid. 

Ohgonucleotide-mediated mutagenesis is a preferred method for preparing 
amino acid substitution variants of TLR4. This technique is well known in the art as 

10 described by Adehnan et al., DNA, 2, 183 (1983). Briefly, TLR4 DNA is altered by 
hybridizing an oligonucleotide encoding the desired mutation to a DNA template, 
where the template is the single-stranded form of a plasmid or bacteriophage 
containing the unaltered or native DNA sequence of TLR4. After hybridization, a 
DNA polymerase is used to synthesize an entire second complementary strand of the 

1 5 template that will thus incorporate the oligonucleotide primer, and will code for the 
selected alteration in the TLR4 DNA. 

Generally, oligonucleotides of at least 25 nucleotides in length are used. An 
optimal oligonucleotide will have 12 to 15 nucleotides that are completely 
complementary to the template on either side of the nucleotide(s) coding for the 

20 mutation. This ensures that the oligonucleotide will hybridize properly to the single- 
stranded DNA template molecule. The oligonucleotides are readily synthesized 
using techniques known in the art such as that described by Crea et aL, Proc. Natl. 
Acad. Sci. U.S.A., 75, 5765 (1978). 

The DNA template can be generated by those vectors that are either derived 

25 from bacteriophage Ml 3 vectors (the commercially available Ml 3mp 1 8 and 

M13mpl9 vectors are suitable), or those vectors that contain a single-stranded phage 
origin of repUcation as described by Viera et ah, Meth. EnzvmoL, 153, 3 (1987). 
Thus, the DNA that is to be mutated may be inserted into one of these vectors to 
generate single-stranded template. Production of the single-stranded template is 

30 described in Sections 4.21-4.41 of Sambrook et ah. Molecular Cloning: A 
Laboratory Manual (Cold Spring Harbor Laboratory Press, N.Y. 1989). 

Alternatively, single-stranded DNA template may be generated by denaturing 
double-stranded plasmid (or other) DNA using standard techniques. 
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For alteration of the native DNA sequence (to generate amino acid sequence 
variants, for example), the oUgonucleotide is hybridized to the single-stranded 
template under suitable hybridization conditions, A DNA polymerizing enzyme, 
usually the IQenow fragment of DNA polymerase I, is then added to synthesize the 
5 complementary strand of the template using the oligonucleotide as a primer for 
synthesis. A heteroduplex molecule is thus formed such that one strand of DNA 
encodes the mutated form of TLR4, and the other strand (the original template) 
encodes the native, unaltered sequence of TLR4. This heteroduplex molecule is then 
transformed into a suitable host cell, usually a prokaryote such as E, coli JMIOI. 
1 0 After the cells are grown, they are plated onto agarose plates and screened using the 
oligonucleotide primer radiolabeled with 32-phosphate to identify the bacterial 
colonies that contain the mutated DNA. The mutated region is then removed and 
placed in an appropriate vector for peptide or polypeptide production, generally an 
expression vector of the type typically employed for transformation of an appropriate 

15 host. 

The method described immediately above may be modified such that a 
homoduplex molecule is created wherein both strands of the plasmid contain the 
mutations(s). The modifications are as follows: The single-stranded oHgonucleotide 
is aimealed to the single-stranded template as described above. A mixture of three 

20 deoxyribonucleotides, deoxyriboadenosine (dATP), deoxyriboguanosine (dGTP), and 
deoxyribothymidine (dTTP), is combined with a modified thiodeoxyribocytosine 
called dCTP-(aS) (which can be obtained from the Amersham Corporation). This 
mixture is added to the template-oUgonucleotide complex. Upon addition of DNA 
polymerase to this mixture, a strand of DNA identical to the template except for the 

25 mutated bases is generated. In addition, this new strand of DNA will contain dCTP- 
(aS) instead of dCTP, which serves to protect it from restriction endonuclease 
digestion. 

After the template strand of the double-stranded heteroduplex is nicked with 
an appropriate restriction enzyme, the template strand can be digested with ExoIII 
30 nuclease or another appropriate nuclease past the region that contains the site(s) to be 
mutagenized. The reaction is then stopped to leave a molecule that is only partially 
single-stranded. A complete double-stranded DNA homoduplex is then formed using 
DNA polymerase in the presence of all four deoxyribonucleotide triphosphates, ATP, 
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and DNA ligase. This homoduplex molecule can then be transformed into a suitable 
host cell such as E. coli JMIOI. 

For example, a preferred embodiment of the invention is an isolated and 
purified DNA molecule comprising a human DNA segment encoding a variant TLR4 
5 having a nucleotide substitution at position 896 (A896G) which encodes an amino 
acid substitution (Asp299Gly). Other nucleotide substitutions which result in silent 
mutations, missense mutations, or a nonsense mutaCtions, can be ascertained by 
reference to Figure 7, Figure 8 and page Dl m Appendix D in Sambrook et al., 
Molecular Cloning: A Laboratory Manual (1989), 

10 B. Chimeric Expression Cassettes 

To prepare expression cassettes for transformation herein, the recombinant 
DNA sequence or segment may be circular or hnear, double-stranded or single- 
stranded. A DNA sequence which encodes an RNA sequence that is substantially 
complementary to a mRNA sequence encoding TLR4 is typically a "sense" DNA 

15 sequence cloned into a cassette in the opposite orientation (i.e., 3 ' to 5' rather than 5 ' 
to 3'). Generally, the DNA sequence or segment is in the form of chimeric DNA, 
such as plasmid DNA, that can also contain coding regions flanked by control 
sequences which promote the expression of the DNA present in the resultant cell Une. 
As used herein, "chimeric" means that a vector comprises DNA from at least 

20 two different species, or comprises DNA from the same species, which is linked or 
associated in a manner which does not occur in the ^'native" or wild type of the 
species. 

Aside from DNA sequences that serve as transcription units for TLR4, or 
portions thereof, a portion of the recombinant DNA may be untranscribed, serving a 

25 regulatory or a structural function. For example, the DNA may itself comprise a 

promoter that is active in mammalian cells, or may utilize a promoter akeady present 
in the genome that is the transformation target. Such promoters include the CMV 
promoter, as well as the SV40 late promoter and retroviral LTRs (long terminal 
repeat elements), although many other promoter elements well known to the art may 

30 be employed in the practice of the invention. 

Other elements ftmctional in the host cells, such as introns, enhancers, 
polyadenylation sequences and the like, may also be a part of the DNA. Such 
elornQXits may or may not be necessary for the ftinction of the DNA, but may provide 

18 



I 



« 



improved expression of the DNA by affecting transcription, stability of the mKNA, 
or the like. Such elements may be included in the DNA as desired to obtain the 
optimal performance of the transforming DNA in the cell. 

"Control sequences" is defined to mean DNA sequences necessary for the 
5 expression of an operably linked coding sequence in a particular host organism. The 
control sequences that are suitable for prokaryotic cells, for example, include a 
promoter, and optionally an operator sequence, and a ribosome binding site. 
Eukaryotic cells are known to utilize promoters, polyadenylation signals, and 
enhancers. 

10 "Operably linked" is defined to mean that the nucleic acids are placed in a 

functional relationship with another nucleic acid sequence. For example, DNA for a 
!ir presequence or secretory leader is operably linked to DNA for a peptide or 

O polypeptide if it is expressed as a preprotein that participates in the secretion of the 

il □ peptide or polypeptide; a promoter or enhancer is operably linked to a coding 

:^ 1 5 sequence if it affects the transcription of the sequence; or a ribosome binding site is 

operably linked to a coding sequence if it is positioned so as to facilitate translation. 
Generally, "operably linked" means that the DNA sequences being linked are 
!it contiguous and, in the case of a secretory leader, contiguous and in reading phase. 

H However, enhancers do not have to be contiguous. Linking is accomplished by 

1^ 20 ligation at convenient restriction sites. If such sites do not exist, the synthetic 

oHgonucleotide adaptors or linkers are used in accord with conventional practice. 

The DNA to be introduced into the cells further will generally contain either a 
selectable marker gene or a reporter gene or both to facilitate identification and 
selection of transformed cells &om the population of cells sought to be transformed. 
25 Altematively, the selectable marker may be carried on a separate piece of DNA and 
used in a co-transformation procedure. Both selectable markers and reporter genes 
may be flanked with appropriate regulatory sequences to enable expression in the 
host cells. Useful selectable markers are well known in the art and include, for 
example, antibiotic and herbicide-resistance genes, such as neo, hpt, dhfr, bar, aroA, 
30 dapA and the like. See also, the genes listed on Table 1 of Limdquist et al. (U.S. 
Patent No. 5,848,956). 

Reporter genes are used for identifying potentially transformed cells and for 
evaluating the functionality of regulatory sequences. Reporter genes which encode 
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for easily assayable proteins are well known in the art. In general, a reporter gene is 
a gene which is not present in or expressed by the recipient organism or tissue and 
which encodes a protein whose expression is manifested by some easily detectable 
property, e.g., enzymatic activity. Preferred genes include the chloramphenicol 
acetyl transferase gene (cat) from Tn9 of E. colU the beta-glucuronidase gene igus) of 
the uidA locus of E. coli, and the luciferase luc gene from firefly Photinus pyralis. 
Expression of the reporter gene is assayed at a suitable time after the DNA has been 
introduced into the recipient cells. 

The general methods for constructing recombinant DNA which can transform 
target cells are well known to those skilled in the art, and the same compositions and 
methods of construction may be utilized to produce the DNA useftd herein. For 
example, J. Sambrook et al.. Molecular Cloning: A Laboratory Manual. Cold Spring 
Harbor Laboratory Press (2d ed., 1989), provides suitable methods of construction. 
C. Transformation into Host Cells 

The recombinant DNA can be readily introduced into the host cells, e.g., 
mammalian, bacterial, yeast or insect cells by transfection with an expression vector 
comprising DNA encoding TLR4 or its complement, by any procedure useful for the 
introduction into a particular cell, e.g., physical or biological methods, to yield a 
transformed cell having the recombinant DNA stably integrated into its genome, so 
that the DNA molecules, sequences, or segments, of the present invention are 
expressed by the host cell. 

Physical methods to introduce a DNA into a host cell include calcium 
phosphate precipitation, lipofection, particle bombardment, microinjection, 
electroporation, and the hke. Biological methods to introduce the DNA of interest 
into a host cell include the use of DNA and RNA viral vectors. The main advantage 
of physical methods is that they are not associated with pathological or oncogenic 
processes of viruses. However, they are less precise, often resulting in multiple copy 
insertions, random integration, disruption of foreign and endogenous gene sequences, 
and unpredictable expression. Viral vectors, usefiil to introduce genes to mammalian 
cells include, but are not limited to, poxvirus vectors, herpes simplex virus I vectors, 
adenovirus vectors, adeno-associated virus vectors, and the like. 

As used herein, the term "cell line" or "host cell" is intended to refer to well- 
characterized homogenous, biologically pure populations of cells. These cells may 
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be eukaryotic cells that are neoplastic or which have been "immortalized" in vitro by 
methods known in the art, as well as primary cells, or prokaryotic cells. The cell line 
or host cell is preferably of mammalian origin, but cell lines or host cells of non- 
mammalian origin may be employed, including plant, insect, yeast, fungal or 
5 bacterial sources. Generally, the DNA sequence is related to a DNA sequence which 
is resident in the genome of the host cell but is not expressed, or not highly 
expressed, or, alternatively, overexpressed. 

"Transfected" or "transformed" is iised herein to include any host cell or cell 
line, the genome of which has been altered or augmented by the presence of at least 
1 0 one DNA sequence, which DNA is also referred to in the art of genetic engineering 
as "heterologous DNA," "recombinant DNA," "exogenous DNA," "genetically 
^ engineered," "non-native," or "foreign DNA," wherein sdd DNA was isolated and 

f3 introduced into the genome of the host cell or cell hne by the process of genetic 

H engineering. The host cells ofthe present invention are typically produced by 

i J 15 transfection with a DNA sequence in a plasmid expression vector, a viral expression 

^fl vector, or as an isolated linear DNA sequence. 

To confirm the presence of the DNA sequence in the host cell, a variety of 
JiJ assays may be performed. Such assays include, for example, "molecular biological" 

j;! assays well known to those of skill in the art, such as Southem and Northern blotting, 

'A ^ 

20 RT-PCR and PGR; "biochemical" assays, such as detecting the presence or absence 

of a particular TLR4, e.g., by immunological means (ELISAs and Westem blots) or 

by assays described herein. 

To detect and quantitate RNA produced from introduced DNA segments, 

RT-PCR may be employed. In this application of PGR, it is first necessary to reverse 
25 transcribe RNA into DNA, using enzymes such as reverse transcriptase, and then 

through the use of conventional PGR techniques amplify the DNA. In most instances 

PGR techniques, while useful, will not demonstrate integrity of the RNA product. 

Further information about the nature ofthe RNA product may be obtained by 

Northem blotting. This technique demonstrates the presence of an RNA species and 
30 gives information about the integrity of that RNA. The presence or absence of an 

RNA species can also be determined using dot or slot blot Northem hybridizations. 

These techniques are modifications of Northem blotting and only demonstrate the 

presence or absence of an RNA species, 
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While Southern blotting and PGR may be used to detect the DNA segment in 
question, they do not provide information as to whether the DNA segment is being 
expressed. Expression may be evaluated by specifically identifying the polypeptide 
products of the introduced DNA sequences or evaluating the phenotypic changes 
5 brought about by the expression of the introduced DNA segment in the host cell. 
D. TLR4 polypeptides, variants, and derivatives thereof 

The present isolated, purified TLR4 polypeptides, variants or derivatives 
thereof, can be synthesized in vitro, e.g., by the solid phase peptide synthetic method 
or by recombinant DNA approaches (see above). The solid phase peptide synthetic 

10 method is an estabUshed and widely used method, which is described in the 

following references: Stewart et al., Solid Phase Peptide Synthesis. W. H. Freeman 
Co., San Francisco (1969); Merrifield, J. Am. Chem. Soc. 85 2149 (1963); 
Meienhofer in "Hormonal Proteins and Peptides," ed.; C.H. Li, Vol. 2 (Academic 
Press, 1973), pp. 48-267; Bavaay and Merrifield, "The Peptides," eds. E. Gross and 

15 F. Meienhofer, Vol. 2 (Academic Press, 1980) pp. 3-285; and Clark-Lewis et al., 
Meth. EnzvmoL. 287. 233 (1997). These peptides can be fiurfher purified by 
firactionation on immimoaffinity or ion-exchange coluirms; ethanol precipitation; 
reverse phase HPLC; chromatography on silica or on an anion-exchange resin such 
as DEAE; chromatofocusing; SDS-PAGE; ammonium sulfate precipitation; gel 

20 filtration using, for example, Sephadex G-75; or ligand affinity chromatography. 

Once isolated and characterized, derivatives, e.g., chemically derived 
derivatives, of a given TLR4 can be readily prepared. For example, amides of the 
TLR4 or TLR4 variants of the present invention may also be prepared by techniques 
well known in the art for converting a carboxyHc acid group or precursor, to an 

25 amide. A preferred method for amide formation at the C-terminal carboxyl group is 
to cleave the peptide from a solid support with an appropriate amine, or to cleave in 
the presence of an alcohol, yielding an ester, followed by aminolysis with the desired 
amine. 

Salts of carboxyl groups of a peptide or peptide variant of the invention may 
30 be prepared in the usual maimer by contacting the peptide with one or more 

equivalents of a desired base such as, for example, a metallic hydroxide base, e.g., 
sodimn hydroxide; a metal carbonate or bicarbonate base such as, for example, 
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sodium carbonate or sodium bicarbonate; or an amine base such as, for example, 
triethylamine, triethanolamine, and the like. 

N-acyl derivatives of an amino group of the TLR4 or variant thereof may be 
prepared by utilizing an N-acyl protected amino acid for the final condensation, or by 
5 acylating a protected or unprotected peptide. 0-acyl derivatives may be prepared, for 
example, by acylation of a free hydroxy peptide or peptide resin. Either acylation 
may be carried out using standard acylating reagents such as acyl halides, anhydrides, 
acyl imidazoles, and the like. Both N- and O-acylation may be carried out together, 
if desired. 

1 0 Fonnyl-methionine, pyroglutamitie and trimethyl-alanine may be substituted 

at the N-terminal residue of the peptide or peptide variant. Other amino-terminal 
modifications include aminooxypentane modifications (see Simmons et aL, Science . 
276, 276 (1997)). 

In addition, the amino acid sequence of TLR4 can be modified so as to result 

15 in a variant TLR4. The modification includes the substitution of at least one amino 
acid residue in the polypeptide for another amino acid residue, including 
substitutions which utilize the D rather than L form, as well as other well known 
amino acid analogs, e.g., unnatural amino acids such as a, a-disubstituted amino 
acids, N-alkyl amino acids, lactic acid, and the like. These analogs include 

20 phosphoserine, phosphothreonine, phosphotyrosine, hydroxyproline, gamma- 

carboxyglutamate; hippuric acid, octahydroindole-2-carboxylic acid, stating, 1,2,3,4,- 
tetrahydroisoquinoline-3-carboxylic acid, penicillamine, ornithine, citrulhne, a- 
methyl-alanine, para-benzoyl-phenylalanine, phenylglycine, propargylglycine, 
sarcosine, e-N,N,N-trimethyllysine, €-N-acetyllysine, N-acetylserine, N- 

25 formyhnethionine, 3-methylhistidine, 5-hydroxylysine, <o-N-methylarginine, and 
other similar amino acids and imino acids and tert-butylglycine. 

Conservative amino acid substitutions include aspartic-glutamic as acidic 
amino acids; lysine/arginine/histidine as basic amino acids; leucine/isoleucine, 
methionine/valine, alanine/valine as hydrophobic amino acids; 

30 serine/glycine/alanine/threonine as hydrophilic amino acids. Conservative amino 
acid substitution also includes groupings based on side chains. For example, a group 
of amino acids having aliphatic side chains is glycine, alanine, valine, leucine, and 
isoleucine; a group of amino acids having aliphatic-hydroxyl side chains is serine and 
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threonine; a group of amino acids having amide-containing side chains is asparagine 
and glutamine; a group of amino acids having aromatic side chains is phenylalanine, 
tyrosine, and tryptophan; a group of amino acids having basic side chains is lysine, 
arginine, and histidine; and a group of amino acids having sulfur-containing side 
5 chains is cysteine and methionine. For example, it is reasonable to expect that 

replacement of a leucine with an isoleucine or valine, an aspartate with a glutamate, a 
threonine with a serine, or a similar replacement of an amino acid with a structurally 
related amino acid will not have a major effect on the properties of the resulting 
variant polypeptide. Whether an amino acid change results in a functional 
1 0 polypeptide can readily be determined by assa3dng the activity of the polypeptide 
variant. Such assays are described herein. 

Conservative substitutions are shown in Figure 8 under the heading of 
exemplary substitutions. More preferred substitutions are imder the heading of 
preferred substitutions. After the substitutions are introduced, the variants are 
15 screened for biological activity. 

Amino acid substitutions falling within the scope of the invention, are, in 
general, accomplished by selecting substitutions that do not differ significantly in 
their effect on maintaining (a) the structure of the peptide backbone in the area of the 
^1 substitution, (b) the charge or hydrophobicity of the molecule at the target site, or (c) 

2.0 the bulk of the side chain. Naturally occurring residues are divided into groups based 
on common side-chain properties: 

(1) hydrophobic: norleucine, met, ala, val, leu, ile; 

(2) neutral hydrophilic: cys, ser, thr; 

(3) acidic: asp, glu; 

25 (4) basic: asn, gin, his, lys, arg; 

(5) residues that influence chain orientation: gly, pro; and 

(6) aromatic; trp, tyr, phe. 

The invention also envisions polypeptide variants with non-conservative 

^ 

substitutions. Non-conservative substitutions entail exchanging a member of one of 
30 the classes described above for another. 

Acid addition salts of the polypeptide or variant polypeptide or of amino 
residues of the polypeptide or variant polypeptide may be prepared by contacting the 
polypeptide or amine with one or more equivalents of the desired inorganic or 
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organic acid, such as, for example, hydrochloric acid Esters of carboxyl groups of 
the polypeptides may also be prepared by any of the usual methods known in the art. 
E. Methods of the Invention 

The invention provides a method to diagnose individuals who are at a greater 
risk of deleterious consequences due to bacterial infection, e.g., the individuals may 
be more susceptible to infection by gram-negative bacteria, e.g., local gram-negative 
infection, more susceptible to sepsis induced by gram-negative bacteria, more 
susceptible to chronic airway disease, more susceptible to asthma, more susceptible 
to gall bladder disease, more susceptible to pyelonephritis, more suscq)tible to 
pneumonia, more susceptible to bronchitis, more susceptible to chronic obstructive 
pulmonary disease, more susceptible to arthritis, at higher risk for severe cystic 
jBbrosis, and more susceptible to local and systemic inflammatory conditions such as 
systemic inflammatory response syndrome (SIRS), and acute respiratory distress 
syndrome (ARDS). The invention is also useful in the development of dmgs that 
target the TLR4 gene product, e.g., increase or decrease the function of TLR4, 
especially the extracellular domain. These agents may thus be useful to prevent or 
ameliorate infection by gram-negative bacteria, prevent or ameliorate sepsis induced 
by gram-negative bacteria, prevent or ameliorate LPS-induced chronic airway disease 
in normal, cystic fibrosis and asthmatic populations, prevent or ameUorate arthritis, 
and prevent or ameliorate local and systemic inflammatory conditions such as SIRS 
and ARDS, particularly in mdividuals at risk for these indications or conditions. 

The invention will be furttier described by the following non-limiting 
examples. 

Example 1 

Methods 

Studv Subjects . The study population consisted of 83 healthy adult volunteers (3 1 
men, 52 women) aged 18-50. Exclusion criteria iucluded any history of allergies, 
tobacco use, cardiac or puhnonary disease. After written informed consent was 
obtained, all subjects were screened with spirometry, inhalation challenge with 
histamine, skin testing for common aeroallergens, chest x-ray, and 
electrocardiogram. All participants had normal screening studies (including 
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histamine PC20 > 32 mg/ml), were on no medications (except birth control), and had 
no significant acute or chronic cardiopuhnonary disease or occupational exposures. 
Inhalation Challenge Protocol . All subjects were exposed by inhalation challenge to 
buffered sterile saline (HBSS) followed by increasing concentrations of LPS. The 
5 solutions were delivered via a DeVilbiss 646 nebuUzer powered by compressed air at 
30 psi (DeVilbiss Co., Somerset, PA) and a Rosenthal dosimeter (Laboratory for 
Applied Immunology, Baltimore, MD). After the HBSS, subsequent inhalations 
delivered in increasing doses of LPS according to the following schedule: 0,5 jig, 10 
\ig, 2.0 |ig, 3.0 |xg, 5.0 Jig, 10 [ig, and 20 \ig. Thus, the entire protocol delivered a 

10 total of 4L5 \ig of LPS. 

Incremental LPS inhalation challenge . The incremental LPS inhalation chaUenge was 
performed as follows. The % decline in FEVi/|ig LPS was calculated following 
administration of the cumulative LPS dose that either resulted in at least a 20% 
decline in FEVj or the decline in FEVj following a cumulative inhaled dose of 41.5 

15 |ig of LPS. Subjects above the x-axis (soUd bars in Figure 5) are homozygous for the 
wild type allele (WTAVT); subjects below the x-axis (open bars in Figure 5) are 
either heterozygous or homozygoxxs (*) for the missense Asp299Gly allele. The data 
is replotted in the inset after the values for the dose-response slope were log 
normalized. P values are presented for the comparison of the % decline in FEVj/^g 

20 LPS between subjects with the WTAVT genotype (N=73) and those with at least one 
Asp299Gly allele (N=10) using absolute values (P=0.037) and log normalized values 
(P=0.026). Since the distribution of the dose-response slope (% decline 
FEV/cumulative dose of inhaled LPS) was highly skewed, the two-sample Monte- 
Carlo permutation test based on 10,000 permutations was used to calculate P values 

25 (Fisher et al., 1993). To assess the allelic frequency of TLR4 sequence variants, a 
well-characterized Iowa population (Lidral et al., 1998) and the Centre d'Etude du 
Polymorphisme Humain (CEPH) population (NIH-CEPIT, 1992) were screened for 
specific sequence variants identified in the 83 study subjects. 
Endotoxin . Solutions of endotoxin for inhalation were prepared according to a 

30 standard protocol using lyophilized Escherichia coli (serotype 0111 :B4, Sigma 
Chemical Co., St. Louis, MO) LPS. These solutions of LPS were resuspended in 
sterile Hank's balanced salt solution (without calcium or magnesium) at a pH of 7.0 
and filter sterilized. All solutions used for inhalation were tested for sterility 
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(bacteria and fungi) and LPS content {Limulus amebocyte lysate assay, QCL-1000; 
Whittaker Bioproducts, Walkersville, MD) prior to separation into individual 
aliquots. These aliquots were stored immediately after preparation at -70°C until 
used. 

5 Physiologic Measurements , A Spirotech (Atlanta, GA) S600 spirometer was used to 
assess pulmonary function; spirometry was performed using standards established by 
the American Thoracic Society. Subjects were positioned upright in a chair and were 
using noseclips. Baseline spirometry was recorded after inhalation of saline, and 
then 1,10, 20, and 30 minutes following inhalation of each dose of LPS, and 

1 0 compared with the post-saline basehne spirometry. If the study subject's FEVj was 
greater than 80 % of the baselme measurement at the final assessment (30 minutes 
post-saline), the inhalation challenge was continued and the next does of LPS was 
administered. The challenge test was terminated when any of the following criteria 
had been met: 1) the subject did not wish to continue for any reason; 2) the subject's 

15 FEV, decreased 20 % or greater from baseline; or 3) a cumulative dose of 4L5 ng 
had been achieved. Of 84 subjects enrolled in the study, 1 subject withdrew prior to 
completion of the LPS inhalation challenge test, 52 subjects had at least a 20 % 
decline in the FEVi during the LPS mhalation challenge test, and 31 subjects inhaled 
a cumulative dose of 41.5 |j.g of LPS and did not decrease their FEVi by 20 %. 

20 Assignment of Phenotvpe . Study subjects were categorized as either "responsive" or 
"hyporesponsive" to inhaled LPS. In the course of previous investigations, a large 
number of study subjects have been exposed to inhaled LPS (Jagielo et al., 1996; 
Deetz et aL, 1997). In general, most healthy non-asthmatic study subjects develop 
airflow obstruction (FEVj < 80 % of the pre-exposure value) when challenged with 

25 approximately 40 of LPS. Based on this and a standard approach to the definition 
of airway hyperreactivity (FEV^ decline of 20 % fi:om pre-exposure values) (Chai et 
aL, 1975), subjects were categorized as "LPS responsive" if they decreased their 
FEVi by at least 20 % at any point during the LPS inhalation challenge, or 
'liyporesponsive" if they had < 20 % decline in their FEVi after inhaling a 

30 cumulative does of 41 .5 tig of LPS. 

Isolation of Genomic Clone . A human bacterial artificial chromosomal (BAC) 
library (Research Genetics; Huntsville, AL) was screened with two sets of primers 
(IF: 5'ATGGGGCATATCAGAGCCTA 3; SEQ ID NO:8, IR: 
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5'GTCCAATGGGGAAGTTCTCT 3; SEQ ID NO:9, 2F: 
5TCATTGTCCTGCAGAAGGTG 3; SEQ ID NO:10, and 2R: 
5'CAGGGCTTTTCTGAGTCGTC 3; SEQ ID NO: 11) derived from the human 
TLR4 gene (Genbank Accession Nos. U88880 and U93091). These sets of primers 
5 amplified a 160 bp and 140 bp product, respectively. PGR reactions were prepared 
by combining the following components: 1 ^1 of PGR lOX buffer (100 mM Tris- 
HCl, pH 83, 500 mM KCl), 200 jiM each of dCTP, dGTP, dATP, and dTTP, 0.25 
(xM of each primer, 0.2 U of AmpliTaq DNA polymerase (Perkin Elmer; Norwalk, 
CT) and 1 |il of the library sample in a final volume of 10 jil. Thermal cychng was 

10 performed with an initial denaturation at 94°C for 3 minutes followed by 35 cycles 
comprising 94°C, 55T, and 72**C steps of 30 seconds each and a final extension of 
72**C for 5 minutes. PGR products were separated by electrophoresis on 2% agarose 
gels, stained with ethidiimi bromide and visualized under UV hght. 
Mutation Detection . Genomic DNA was isolated from whole blood obtained from 

15 the study subjects using a rapid salt isolation procedure (Laitinen et al., 1994). 

Overlapping primer sets were designed across the coding sequence such that products 
did not exceed 250 bp (Table 1). Primers were derived from flanking intronic 
sequences to include all splice sites. PGR reactions were prepared as described 
above except that 10-20 ng of genomic DNA was used at template. Amplification 

20 products were separated on non-denaturing, fan-cooled gels containing 5% 

acrylamide/bis (19:1), 0.5X TBE, and 2.5% glycerol for 3 hours at 20 W. A subset 
of PGR products were also run on MDE gels. The gels were subjected to silver 
staining and aberrant bands extracted from the gel, reamplified, and sequenced in 
both directions. To verify the sequence of the aberrant band, the same primers were 

25 used to amplify and sequence genomic DNA from each subject. At least one 
individual without the aberrant band was also sequenced for comparison. 
Amplification products derived from the extracted DNA were purified using spin 
colwims (Qiagen; Santa Clarita, CA) and DNA concentration determined by 
spectrophotometry. The DNA sequence was determined with a Model 377 

30 automated DNA sequencer (Perkin Elmer; Norwalk, CT). 
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Multi-tissue cDNA Expression Screen , Human adult {Clontech#K1420-l; Palo 
Alto, CA) and fetal (Clontech #K1425-1; Palo Alto, CA) multi-tissue cDNA pauels 
were screened by PGR using primers derived from exon 1 (forward; 
5»GCTCACAGAAGCAGTGAGGA 3*; SEQ ID NO:60) and exon 4 (reverse; 
5 5TAGGCTCTGATATGCCCCAT3'; SEQ ID NO:61) of the human TLR4 gene. 
These PGR experiments were performed in 10 lil reactions composed of 0.025 U/jil 
of DNA polymerase (BioXAGT; BioLine; Reno, NV), 1.0 \iM of each primer, 200 
|iM of each dNTP, 1 |xl of lOX buffer supplied by the manufacturer, and 1 [il of the 
cDNA sample. PGR conditions were: 95^G for 2 minutes; cycles of 0.5 minutes at 

10 94*'G, 0.5 minutes at 55^G, and 1 minute at 68°C; followed by a final extension step 
for 10 minutes at 68®C. The amplified products were separated on a 2% agarose gel, 
stained with ethidium bromide, and visualized under UV light. 
Statistical Analysis . The statistical analysis was designed to determine whether 
specific mutations in the TLR4 gene were associated with the airway 

1 5 hyporesponsiveness to inhaled LPS. A one-tailed test of statistical significance was 
employed (Fleiss, 1986). In a 2 X 2 analysis, a Fisher's one-tailed exact test was 
used to determine whether specific mutations of the TLR4 gene occurred more 
frequently in study subjects who were considered LPS hyporesponsive compared to 
those with a normal airway response to inhaled LPS. In addition, because of the 

20 nonparametric distribution of dose-response slope (percent decline FEV,/cimiulative 
dose of inhaled LPS), this outcome log was transformed and the Student's one-tailed 
T test (assuming unequal variances) was used to determine whether the dose- 
response slope was significantly less in subjects with a specific mutation of TLR4 
compared to subjects with the common TLR4 allele. 

25 Bioassays . Gells were maintained in F12 media supplemented with 10% fetal calf 
serum (Gibco, Rockville, MD), 2 mM L-glutamine, and 10,000 units 
penicilUn/streptomycin, with 1 |i.g/ml of G418 as selective antibiotic. Cells were 
transfected with a mixture of 4 |ig of DNA and 10 |il of Superfect (Qiagen, Valencia, 
GA) for a 35 mw? dish. The DNA mix consisted of 2 \xg of DNA and 10 jig NFkB 

30 reporter plasmid encoding for the luciferase gene (Glontech, Palo Alto, CA) and 1 p-g 
of each TLR4 (Medzhitov et al., 1997; Genbank #U93091) expression plasmid (WT 
or Asp299Gly). If only one expression plasmid was used, empty vector pcDNA3, 1^ 
was added to keep the DNA concentration constant. Twenty-four hours later the 
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cells were stimulated with 100 ng/ml of LPS for 6 hours. Total luciferase activity 
was measured using a commercially available method (Tropix, Bedford, MA). 
Briefly, after rising with PBS, cells were removed from filters by incubation with 120 
111 lysis buffer (25 mM Tris-phosphate, pH 7,8; 2 mM DTT; 2 mM 1, 2- 
5 diaminocyclohexane-N,N,N%N'-tetraacetic acid; 10% glycerol; and 1% Triton X- 
100) for 15 minutes. Light emission was quantified in a luminometer (Analytical 
Luminescence Laboratory, San Diego, CA). 

Airway epithelial cells were obtained from trachea and bronchi of lungs 
removed for organ donation. Cell were genotyped for TLR4 and isolated by enzyme 
10 digestion as previously described (Zabner et al., 1996). Freshly isolated cells were 
seeded at a density of 5 x 10^ cells/cm^ onto collagen-coated, 0.6 cm^ diameter 
CI millicell polycarbonate filters (Millipore Corp., Bedford, MA). The cells were 

2 maintained at 37^C in a humidified atmosphere of 5% CO2 and air. Twenty-four 

;fj hours after plating, the mucosal media was removed and the cells were allowed to 

CP 1 5 grow at the air-liquid interface. The culture media consisted of a 1 : 1 mix of 

:f ' DMEM/Ham's F12, 5% Ultraser G (Biosepra SA, Cedex, France), 100 U/ml 

jlT penicillin, 100 p.g/ml streptomycin, 1% nonessential amino acids, and 0.12 U/ml 

Ci insulin. Epithelia were tested for transepithelial resistance, and for morphology by 

scanning electron microscopy. Fourteen days after seeding, the basal release of IL- 
^ 20 la was measured in WTAVT (12 specimens &om 4 individuals) and WT/Asp299Gly 

(24 specimens from 4 individuals) epithelia by collecting the basolateral conditioned 
media after 24 hours (Figure 6b). The epithelia were then exposed to 100 ng/ml of 
LPS on the apical side for 6 hours, and the basolateral media was collected after 24 
hours. IL-la was measured using a commercially available ELISA (R&D; 
25 Minneapolis, MN). 

To rescue the LPS hyporesponsive phenotype, heterozygote (WT/Asp299Gly) 
airway epithelia (Figure 6c) or homozygote (Asp299Gly/Asp299Gly) alveolar 
macrophages (Figure 6d) were transfected with a recombinant adenovirus vector 
expressing TLR4 (Rock et al. 1998; Genbank #U88880) that was prepared as 
30 described previously (Dandson et al., 1994) by the University of Iowa Gene Transfer 
Vector Core at titers of about 10^^ infectious units (I.U.)/nil. Briefly TLR4 plasmid 
was blunt ended and cloned into the shuttle vector pAd5/CMVk-Np A using the 
EcoRV site. Fourteen days after seeding of the airway epithelia (20 specimens from 
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4 individuals), 50 MOI of the recombinant viruses (Ad/TLR4 and Ad/eGFP in 
phosphate buffered saline) were added to the basolateral surface of the epithelia for 
30 minutes (Walters et al., 1999). After infection, the epithelia were incubated at 
37X for an additional 48 hours before the LPS stimulation assay. To assay for basal 

5 LPS response, the media was changed with fresh 500 |il of Ultros^ G, and collected 
after 24 hours to measure the basal IL-la secretion to the basolateral side. After 
collecting the basal specimen, the epithelia were exposed to 100 ng/ml of LPS on the 
apical side for 6 hours, and the media was collected after 24 hours. To assay for gene 
transfer efficiency, the epithelia was associated with 0.05% trypsin and 0.53 mM 

10 EDTA. Fluorescence from 50,000 individual cells was analyzed using fluorescence- 
activated cell analysis (FACScan, Lysys n software, Becton Dickinson, San Jose, 
CA). The percentage of GFP positive cells ranged between 52% and 76%. Human 
alveolar macrophages were collected by B AL from a homozygote 
(Asp299Gly/Asp299Gly) study subject as previously described (Deetz et al., 1967). 

15 Macrophages were seeded onto a 96 well plate at a density of 10^ cells per well. The 
cells were infected after 4 hours with Ad/TLR4 in a CaPi coprecipitate (lasbinder et 
al., 1998) at an MOI of 50, aad a Ca"^ concentration of 16.8 mM. Sixteen hoiurs after 
infection, the cells were exposed to LPS in 1% serum for 6 hours, and the media was 
collected. TNF-a was measured using a commercially available ELISA (R&D; 

20 Minneapohs, MN). 
Results 

Genomic Structure of the TLR4 Gene. To determine the genomic structure of the 
TLR4 gene, a bacterial artificial chromosome (BAG) library was screened by PGR 
with primers derived from the 5' and 3' ends of the cDNA sequence. Human BAG 

25 clone 439F3 was identified with both sets of primers and sequenced to identify 
exon/intro splice sites using the two pubUshed cDNA sequences (Medzhitov et al., 
1997; Rock et al., 1998). The TLR4 cDNA pubUshed by Medzhitov et al. (1997) 
(Genbank Accession No. U93091) was missing a 120 bp sequence beginning at 
nucleotide 136 of the other pubUshed cDNA (Rock et al., 1998) (Genbank Accession 

30 No. U88880). Assuming this missing sequence represented an alternatively spliced 
exon, DNA sequencing primers were designed to ampUfy across the predicted spUce 
junctions. When the genomic sequence (Figure 9) was compared to the cDNA 
sequences, the exon/intron junctions were revealed (Figure 1). The human TLR4 
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gene is organized into 4 exons that span about 1 1 kb of genomic DNA. As predicted, 
the 120 bp sequence missing in the cDNA from Medzhitov et al. (1997) corresponds . 
to exon 2. 

To determine whether other exons may be revealed by additional splice 
5 forms, a panel of cDNAs from adult (Figure 2a) and fetal (Figure 2b) tissues were 
examined with PGR primers designed to ampUfy all nucleotides between exons 1 and 
4. In all adult and fetal tissues, three products were amplilBed (453, 333, and 167 bp), 
although their relative amounts varied. In addition to the 3' end of exon 1 and the 5' 
end of exon 4, the 453 bp product contained both exons 2 and 3, the 333 bp product 

10 was missing exon 2, and the 167 bp product was missing both exons 2 and 3 (Figure 
2c). The 453 and 333 bp products are identical to the published cDNA sequences 
(Medzhitov et al., 1997; Rock et al, 1998), and confirm that no other exons are 
present for the human TLR4 gene. The 167 bp product depicts altemative splicing of 
exons 1 and 4, and represents a novel TLR4 product. The nucleotide position of 

1 5 alleles are relative to the TLR4 cDNA sequence published by Medzhitov et al. 
(1997). 

Mutation Analvsis. SSCV was employed to detect sequence variants across the 
entire coding region of TLR4 gene in the 83 unrelated probands who completed the 
incremental LPS inhalation challenge test. When band shifts were detected on SSCV 

20 analysis, the bands were sequenced to identify and confirm the sequence variants. 
The SSCV and sequence analysis were performed blinded to the LPS response 
phenotype of the study subjects. A band variant was detected by SSCV in 10 (12 %) 
of the 83 subjects, and direct sequencing detected an A to G substitution at nucleotide 
896 of the published TLR4 cDNA (Figure 3a) (Genbank Accession No. U88880). 

25 To confirm these fijidings, the 83 unrelated probands were sequenced in the forward 
and reverse directions with primers designed to amplify the 896 nucleotide; the same 
10 individuals were found to have the A896G substitution and the remaining 
individuals were confirmed to have the common TLR4 allele. Importantly, one of 
the 10 individuals with the A896G substitution was homozygous for this mutation 

30 and the remaining 9 had a single mutant allele. The allelic firequency of the A896G 
substitution was 6.6 % in the study population, 7.9 % in a normal control population 
jfrom Iowa (Lidral et al., 1998), and 3.3 % in the parental chromosomes of the CEPH 
population (NIH-CEPH, 1992). 
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The A896G substitution results in replacement of a conserved aspartic acid 
(A) residue with glycine (G) at amino acid 299 (Figure 4). This missense mutation 
(Asp299Gly) is in the fourth exon of TLR4 and is present in the extracellular domain 
of this receptor. The region surrounding amino acid 299 appears to be in an alpha 
5 helical conformation (Gibrat et aL, 1987). Replacement of the conserved aspartic 
acid with glycine at position 299 causes disruption of the alpha helical protein 
structure resulting in the formation of an extended beta strand (Gibrat et al, 1987). 

Two other SSCV variants were identified in a single proband; a T to C 
change at nucleotide 479 (Figure 3b) and a deletion of a thymine nucleotide at 
10 position -1 1 in the third intron. The T479C variant did not alter the amino acid 

composition and is therefore considered a silent mutation. The T-1 1 variant did not 
alter the acceptor splice site, so the significance of this deletion is unknown. The 
subject with these two sequence variants was responsive to inhaled LPS. 

An additional missense mutation was identified within exon 4 of the TLR4 
15 gene. This mutation results in the replacement of a threonine with an isoleucine 
residue at amino acid 399, which is on the 3' side of the previously identified 
Asp299Gly mutation. Both mutations are present within the extracellular domain of 
the TLR4 protein. When the genotypes were compared with the phenotypes 
associated with endotoxin responsiveness, one individual who carried the Asp299Gly 
20 mutation did not carry the Thr39911e mutation. Likewise, one individual who had the 
Thr39911e mutation did not have the Asp299Gly mutation. Nine of the 83 volunteers 
carry both mutations. There was a strong correlation between both of the TLR4 
mutations and endotoxin hyporesponsiveness, 

Phenotvpe/Genotype Analvsis . Of the 83 unrelated study subjects who completed 
25 the LPS inhalation challenge test, 52 (63 %) were responsive to inhaled LPS and 3 1 
(37 %) were hyporesponsive to inhaled LPS. When the genotypes of these 
individuals were examined, the Asp299Gly sequence variant occurred in 3 LPS 
responsive (5.8 %) and 7 LPS hyporesponsive (22.6 %) study subjects (P=0.029). 
Among the subjects with the common TLR4 allele (N = 73), the dose-response slope 
30 (percent decline FEVi/cumulative dose of inhaled LPS) averaged 1 .86 % decline in 
FEVi/M-g inhaled LPS (range 0.01 %-19.78 %), while the dose-response slope for the 
subjects with the Asp299Gly allele (N = 10) was significantly less (P=0.037), 
averaging 0.59 % decline in FEV^/\ig inhaled LPS (range 0.00 %-1.59 %) (Figure 5). 
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This group difference in the dose-response slope also exists on the log scale 
(P=0.026) where log (1 + A FEVj) was used since one individual has a A FEVj of 
0.0. The subject who was homozygous for the Asp299Gly allele was hyporesponsive 
to inhaled LPS with a 0.28 % decline in FEVi/|ig of inhaled LPS. This homozygote 
Asp299Gly subject is one of a monozygote twin pair; her twin sister was 
subsequently phenotyped and was also found to be hyporesponsive to inhaled LPS 
with a 0.34% decline in FEVj/ixg of inhaled LPS. 

The biological significance of the Asp299Gly mutation was evaluated in 
several ways. First, transfection of CHO cells with either the WT or the mutant 
TLR4 gene demonstrated that the mutant allele does not respond normally to LPS 
stimulation (Figure 6a). Second, airway epithelia obtained fi*om heterozygote 
(WT/Asp299Gly) individuals do not respond to LPS stimulation (Figure 6b). Third, 
the wild-type allele of TLR4 clearly restored LPS responsiveness in either airway 
epithelial cells (Figure 6c) or alveolar macrophages (Figure 6d) obtained from 
individuals with the TLR4 mutation. 
Discussion 

The results described herein provide the first direct evidence to indicate that a 
sequence polymorphism in the TLR4 gene is associated with a hyporesponsive LPS 
phenotype in humans that interrupts LPS signaling. This conclusion is supported by 
the following findings: 1) unrelated subjects with the Asp299Gly substitution were 
significantly less responsive to inhaled LPS than those homozygous for the common 
TLR4 allele; 2) an individual who was homozygous for the Asp299Gly substitution 
was hyporesponsive to inhaled LPS; 3) a monozygous twin pair, homozygous for the 
Asp299Gly substitution, demonstrated a very similar response to inhaled LPS; and 4) 
in vitro studies demonstrate that mutant TLR4 does not respond to LPS stimulation. 
This conclusion is indirectly supported by the finding in C3H/HeJ mice where a point 
mutation in intracellular domain of Tlr4 is also associated with LPS 
hyporesponsiveness (Poltorak et al», 1998; Qureshi et al., 1999). The identified 
Asp299Giy missense mutation is in the fourth exon of the TLR4 gene and, unlike the 
C3H/HeJ mutation, is located in the extracellular domain of this receptor. The 
findings described herein suggest that a specific region in the extracellular domain of 
TLR4 may play an important role in receptor function and regulation of the innate 
immime response to LPS in humans. 
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This discovery may have important ramifications for a broad spectrum of 
hiiman diseases. First, the Asp299Gly TLR4 substitution is a relatively common 
mutation, potentially affecting the responsiveness of a substantial portion of the 
population to LPS. The allehc frequency of the Asp299Gly TLR4 substitution in the 
5 three populations screened was between 3.3 % and 7.9 %, and homozygous 

individuals were identified in each of the populations. Second, the results described 
herein provide further support for the role of TLR4 in LPS signaling. A fundamental 
understanding of LPS signaling will undoubtedly alter approaches to gram-negative 
sepsis, as well as other diseases thought to be mediated by endotoxin, such as the 

10 systemic inflammatory response syndrome (Wang et al,, 1995), acute respiratory 

distress syndrome (Brighan et al., 1986), and asthma or other forms of airway disease 
caused (Rylander et al., 1989; Schwartz et al., 1995) or exacerbated (Schwartz et aL, 
1995; Michel et aL, 1996) by endotoxin. Identification of the essential components 
of LPS signaling also provide new therapeutic targets for endotoxin mediated 

15 conditions. Third, the specific Asp299Gly TLR4 substitution may provide a simpte 
screening mechanism to risk stratify a popxilation. Identification of this mutation 
may lead to a better appreciation of the role of LPS responsiveness in a broad range 
of acquired and genetic disorders. For example, mutations of the TLR4 gene may 
explain why a minority of patients with gram-negative sepsis develop ARDS 

20 (Hudson et al., 1995) or why patients with cystic fibrosis and the identical CFTR 
mutation have different courses of disease (Veeze et al., 1994). Finally, it must be 
acknowledged that normal responsiveness to endotoxin is an important component of 
innate immunity, and the Asp299Gly TLR4 substitution may prove to be associated 
with negative clinical outcomes. In fact, the C3H/HeJ mouse is more susceptible to 

25 Salmonella typhimurium (O'Brien et al., 1980), despite its resistance to LPS (Sultzer 
et al., 1968). Although individuals with the Asp299Gly TLR4 substitution may be 
more resistant to localized forms of endotoxin-induced inflammation, these 
individuals may prove to be more susceptible to a systemic inflammatory response 
initiated or exacerbated by endotoxin. 

30 The findings described herein demonstrate that a specific region in the 

extracellular domain of TLR4 plays an important role in receptor fimction and 
regulation of the innate immune response to LPS in humans. The sequence variants 
reported thus far for mammaUan, i.e., murine, TLR4 are located in the cytoplasmic 
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domain (Poltorak et al., 1998; Qureshi et aL, 1999). While it is logical to 
hypothesize that mutations in the cytoplasmic domain of TLR4 disrupt the signaling 
pathway leading to activation of NF-kB and AP-1 (Medhitov et al., 1998), the 
potential mechanisms that are altered by mutations in extracellular domain of TLR4 
5 are less obvious. 

TLR4 is a transmembrane protein and it is therefore not surprising to find a 
putative signal peptide at the N-terminus, presumably responsible for proper 
trafficking to the cell membrane (Medzhitov et al., 1997). This finding raises the 
possibiUty that sequence variants in the extracellular domain of TLR4 can disrupt 

10 trafficking of this receptor to the cell membrane and enhance proteolysis. There are 
several examples in the literature which show that the presence of a single point 
mutation at a conserved amino acid can disrupt protein folding and specifically affect 
protein trafficking (Jackson et al., 1998; DeFranco et al., 1998). Mutations of this 
kind could give rise to a range of phenotypes firom almost normal to completely 

L5 unresponsive, depending on the severity of the trafficking defect. Another possible 
mechanism that may explain the association between a mutation in the extracellular 
domain of TLR4 and LPS responsiveness is impairment of Ugand binding to the 
extracellular domain. The extracellular domains of the toll proteins are clearly 
involved in the cellular response to LPS (Medzhitor et al., 1997; Yang et aL, 1998). 

20 Yet, so far no convincing evidence has been found that the toll proteins are directly 
interacting with LPS (Wright, 1999). The discovery of an association between a 
mutation in the extracellular domain of TLR4 and a discemable LPS phenotype in 
humans should aid in clarifying whether the extracellular domain of this receptor is 
important for proper membrane localization of TLR4 and if LPS directly interacts 

25 with TLR4. A final possibihty is that the missense mutation of TLR4 affects its 
interaction with either an extracellular ligand or an intracellular protein (Wright, 
1999). The extracellular domain of TLR4, and specifically the Asp299Gly amino 
acid change may provide a key therapeutic target to modulate LPS signaling. 

TLR4 may be one of several factors that may regulate the airway response to 

30 inhaled LPS. Among the subjects with the Asp299Gly substitution, 7 were 
hyporesponsive to LPS and 3 developed airflow obstruction during the LPS 
inhalation challenge test None of the subjects with this mutation were in the most 
sensitive quartile of the LPS responders. Although asthmatic patients were included 
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because of their increased airway responsiveness to inhaled LPS (Michel et al., 
1989), it remains possible that the 3 subjects with the Asp299Gly substitution who 
were responsive to inhaled LPS had some type of airway inflammation (e.g., early 
viral illness) that enhanced their response to inhaled LPS. Moreover, since 22.6 % of 
the study subjects who were hyporesponsive to LPS had at least one copy of the 
Asp299Gly TLR4 allele, other genes (or possibly acquired conditions) may prove to 
play a role in modulating the biological response to LPS. For mstance, TNF-a is one 
of the primary cytokines that mediates the toxic effects of LPS (Beutler et al., 1985). 
A polymorphism at -308 in the TNF-a promoter region results in higher constitutive 
and inducible levels of TNF-a (Wilson et al., 1997), and this polymorphism has been 
shown to result in a worse outcome in children with either meningococcal disease 
(Nadel et al., 1996) or cerebral malaria (McGuire et al., 1994). Likewise, allelic 
variants of TLR4 receptors and their ligands appear to delay the progression of 
disease in patients with HIV infection (Mummidi et al., 1995). Thus, TLR4 appears 
to represent only one of a number of genetic variants that may modulate the 
pathophysiologic response to LPS 

Example 2 

Methods 

To genotype patients for TLR4, a PGR based RFLP assay was employed. For 
example, to detect point mutations in codon 299 such as those that result in an amino 
acid substitutions at amino acid 299 (Asp (GAT) to Gly (GGT) change) and/or in 
codon 399 (Thr (AGO) to He (ATC) change), a primer spanning that codon and a 
second primer 3' or 5' to that primer are prepared. Primers useful to detect a 
nucleotide change at codon 299 are: 299Forward primer (5 ' 
GATTAGCATACTTAGACTACTACCTCCATG 3'; SEQ ID NO:66) and 
299Reverse primer (5' GATCAACTTCTGAAAAAGCATTCCCAC; SEQ ID 
NO:67). The underlined base in the forward primer fortuitously creates a Ncol 
(CCATGG) restriction site in the context of a mutation which is specific for carriers 
of the 299 mutation Asp to Gly. Primers useful to detect a nucleotide change at 
codon 399 include: 399Forward primer (5' 

GGTTGCTGTTCTCAAAGTGATTTTGGG AGA A; SEQ ID NO:68) and 
399Reverse Primer (5' ACCTGAAGACTGGAGAGTGAGTTAAATGCT; SEQ ID 
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NO:69). The underlined base in the 399 Forward primer fortuitously creates a Hinfl 
restriction site (GANTC) in the context of a mutation which is specific for carriers of 
the 399 mutation Thr to He. The reverse primers were chosen at random based solely 
on such parameters as aimealing temperature, expected product size and the like. 
5 Additional residues or fewer residues at the 5' end of the primers having the 

nucleotide change will not affect the outcome as long as the amplification conditions 
and reverse primers are chosen accordingly. 

A MJ Tetrad PTC-225 Thermo cycler was used with both primer sets. For 
the 299 assay, primers at 10-100 pmole were mixed with 20 ng of genomic DNA, 

10 and Perkin Elmer Taq polymerase, deoxyribonucleotides and buffer according to the 
manufacturer's directions. Cycling conditions included an initial denaturation of 
95'C, for 3 to 4 minutes, then 30 cycles of denaturation at 95'C for 30 seconds; 
anneahng at 55*C for 30 seconds; and extension at 72'C for 30 seconds. 

For the 399 assay, a Clontech Advantage amplification kit was used 

15 according to the manufacturer's directions. The cycling conditions included an initial 
denaturation at 95X for 3 to 4 minutes, then 30 cycles of denaturation at 95'C for 30 
seconds; annealing at 55"C for 30 seconds; and extension at 72"C for 30 seconds. 



Septic shock remains a significant health concem world-wide and despite 
20 progress in understanding the physiologic and molecular basis of septic shock, the 
high mortality rate of septic shock patients remains unchanged. A common 
polymorphism in TLR4 was identified that is associated with hyporesponsiveness to 
inhaled endotoxin or lipopolysaccharide (LPS) in humans (Example 1). Since TLR4 
is a major receptor for LPS in mammals and Gram-negative bacteria are the prevalent 
25 pathogen associated with septic shock, these specific TLR4 alleles may be associated 
with a predisposition to or a more severe disease outcome for septic shock patients. 
Ninety-one septic shock patients as well as 83 healthy blood donor controls were 
genotyped for the presence of the TLR4 Asp299Gly and TLR4 Thr399Ile mutations. 
The TLR4 A5p299Gly allele was found exclusively in septic shock patients (P = 
30 0.05). Furthermore, septic shock patients with the TLR4 Asp299Gly allele had a 
significantly higher prevalence of Gram-negative infections. These findings suggest 
that the TLR4 Asp299Gly allele predisposes people to develop septic shock with 
Gram-negative organisms. 
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In another study in a Geman population, tiie following observations were 
made: patients with TLR4 mutation(s) tended to have a longer ICU stay; patients 
with TLR4 mutation(s) were more prone to sepsis; and sepsis in patients with TLR4 
mutation(s) was more severe than in patients that were wild-type for TLR4. 

In a third study in a Finnish population, it was observed that mothers of pre- 
term infants and pre-term infants had a higher frequency of TLR4 mutation(s) than 
term infants. Also, infants with respiratory distress syndrome (RDS), particularly 
those bom very prematurely, tended to have a higher frequency of mutation(s) than 
premature infants without respiratory distress syndrome. 

Thus, generally, the 299 mutation is slightly more prevalent than the 399 
mutation, and in 90% of the cases, both mutations were observed. When only one 
mutation was found, it was more frequently the 299 mutation. 

Thus, the presence of TLR4 mutations is associated with predisposition to 
septic shock, severity of sepsis, pre-term delivery, and RDS in pre-term infants. 
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All publications, patents and patent applications are incorporated herein by 
reference. While in the foregoing specification, this invention has been described in 
relation to certain preferred embodiments thereof, and many details have been set 
forth for purposes of illustration, it will be apparent to those skilled in the art that the 
invention is susceptible to additional embodiments and that certain of the details 
herein may be varied considerably without departing from the basic principles of the 
invention. 
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